In vivo studies involving radiofrequency (RF) exposure of rodents require detailed dosimetric analysis to enable correct interpretation of biological outcomes. Detailed anatomical models of mice-a female, a pregnant female, a male and a foetus-have been developed for analyses using finite difference numerical techniques. The mouse models, consisting of 49 tissues, will be made freely available to the research community. In this note, the pregnant mouse model, which included eight mature foetuses, was utilized specifically to consider (a) the RF dosimetry in a radial cavity exposure system operated at a frequency of 900 MHz and (b) a 900 MHz plane wave exposure. A comparison was made between the exposure of the mouse dam and the foetuses as specified by the specific energy absorption rate (SAR) and the resultant temperature change. In general, the SAR levels in the foetuses were determined to be slightly lower (around 14% lower than the average values of the dam) and the peak temperature increase was significantly lower (45%) than the values in the dam.
Introduction
Recent studies have examined possible adverse biological effects of radiofrequency (RF) exposure on mouse foetuses. For example, at the Institute of Medical and Veterinary Science (IMVS) in Australia, blood-brain barrier permeability was assessed in the foetal brain after whole of gestation exposure (Finnie et al 2006a) , while the immediate early gene, c-fos (Finnie et al 2006b) and heat shock proteins (Finnie et al 2009) were used as markers of neural stress.
A radial cavity exposure system was developed by Motorola Inc. for these types of studies. It consists of two circular, vertical, parallel plates separated by evenly spaced shorting posts around the perimeter. Inside this is a circle of 40 symmetrically spaced holes for plastic tubes (each one equidistant from the centre). Each tube is able to hold a mouse co-polarized with the incident electric field (E-polarization) from a centrally generated cylindrical TEM wave, excited by a 50 coaxial feed line with a tuneable transition (Balzano et al 2000) .
The specific energy absorption rate (SAR) (expressed in W kg −1 ) is a fundamental metric commonly specified for limiting human exposure to radiofrequency (RF) electromagnetic fields (see ICNIRP (1998) and IEEE (2005) ). When setting protective limits for localized tissue heating, the point SAR is mass averaged (typically over 10 g of tissue), in recognition of the thermal diffusion properties of tissues.
The use of the IMVS exposure system was described in Utteridge et al (2002) . The study did not involve pregnant mice and no local exposure assessment was performed. Balzano et al (2000) determined the whole-body average (WBA) SAR in the mice by dividing the power dissipated in the animals by the sum of their mass. They confirmed this through thermal measurements using the system loaded with 'dummy equivalents'. Power levels were then set to obtain the desired exposure. Further dosimetry was performed by Faraone et al (2006) using thermal measurements with (non-pregnant) mouse cadavers.
The finite-difference time-domain (FDTD) method is a numerical technique that provides the ability to handle complex heterogeneous geometrical structures and provide localized exposure assessments (Kunz and Luebbers 1993) . Finite-difference models of pregnant women were developed in Dimbylow (2007) , Nagaoka et al (2007) and Togashi et al (2008) . These studies considered worst case conditions in the frequency range 20 MHz to 3 GHz and found that the ICNIRP (1998) basic SAR limits were not exceeded in the foetus. However, Cech et al (2007 Cech et al ( , 2008 considered 50 Hz exposure and concluded that the induced current densities in the foetus may not comply with basic restrictions.
Various animal models (Sprague-Dawley rat, rhesus monkey, and pigmy goat) were developed by Mason et al (1995) . A rat model was developed in Wang et al (2006 Wang et al ( , 2008a ; the latter paper considers exposure of pregnant and newborn rats to RF. Wang et al (2008b) have also developed a rat dam and foetal model and found that the SAR in the foetuses was low relative to the mother for 1.95 GHz mobile phone-type exposure. The models developed in the latter paper were also used in Ogawa et al (2009) which considered possible embryogenesis in rats. A range of commercially available rat and mouse models, including pregnant versions, are available from Schmid and Partner Engineering AG (2010) ; these can be modelled using the software, Semcad, provided by the company. Bitbar et al (2007) have developed a high resolution (non-pregnant) mouse consisting of hexahedral voxels of length around 0.22 mm. Kainz et al (2006) discussed the development of rat and mouse models, including pregnant ones. The use of these models to evaluate the dosimetry of various RF exposure systems was performed in Berdiñas-Torres (2007) . For mice subject to exposures at 900 and 1900 MHz, and rats at 1900 MHz, the whole-body exposure for the pregnant model was less than 1 dB different from that of the non-pregnant model. However, the difference was greater than 1 dB at 900 MHz for the rat models. Few details were provided and the authors suggest that this topic needs to be followed up.
The development of mouse models, as described in this note, was performed principally to support the above-mentioned studies of Finnie et al and others like it. In developing a mouse model, one approach could have been to scale down existing rat models. However, this may have been of questionable accuracy due to the differing body proportions. For example, rats have much larger legs in proportion to their body size. Thus, this study sought to develop high-resolution, anatomically accurate male, female, pregnant female and foetus models.
A detailed colour anatomical atlas, compiled by Iwaki et al (2001) , that includes foetuses in situ, was used to identify tissue type and morphology. This atlas was used rather than MRI or CT images since the slices in the atlas offer a greater scope for accurate identification of the number of tissues needed for accurate electromagnetic modelling. Other, similar mouse atlases (such as Dogdas et al (2007) ) are more suited to other applications.
The symbol T will be used to denote a steady-state temperature increase (due to SAR input) throughout this note.
Computational modelling setup
Induced SAR in the mouse model was calculated using the commercially available FDTD software, XFDTD version 6.5 (Remcom Inc. 2010 ). The thermal analysis was performed using a finite-difference program, whose development and validation was described in McIntosh et al (2005) . The program is based upon Pennes' bioheat equation (Pennes 1948) . The finitedifference solution method that was developed is based on the formulation of Bernardi et al (2003) . Accounting for thermoregulatory effects was not considered necessary in this paper but will be in future studies. In this study, the temperature of blood, T b , was chosen to be 37
• C (as supported by Poole 1987) , and the ambient air temperature, T a , was set to 20
• C. The convection coefficient h was chosen to be 10.5 W m −2 • C −1 as in Wang and Fujiwara (1999) . McIntosh et al (2005) gives further details on these parameters.
Development of the mouse models

Building the mouse models
To ensure that our final models correctly reflected the precise anatomy of a mouse, we based organ dimensions and positioning on the atlas Iwaki et al (2001) . This atlas is based on the ICR and ddY mouse strains and has 93 pages of colour sectional anatomical photographs (sagittal, dorsal and transverse sections). Advice on mouse anatomy was also given by researchers at the IMVS.
The development of the finite difference models was performed in two stages. The first consisted of a series of steps: (1) using Adobe Photoshop (2010) image editing software to scan the atlas images; (2) placing a grid (0.75 mm spacing) over each image; (3) coding the tissue-type information at each grid point into spreadsheet format, and (4) concatenating the data to form a three-dimensional model (in XFDTD format), taking much care in the correct placement and sizing of the slices. The second stage involved considerable attention to detail, ensuring the accuracy of the models. This included use of a program, S2Plot (Barnes et al 2006) , to visualize the mouse in three dimensions and to confirm the correct shape and placement of each organ. The four models (male, female, foetus and dam) were also developed during this stage. The dam carries eight near full-term foetuses, with the foetuses around 20 days old (figure 1).
Each cubical cell in the finite difference mesh was set to have sides of length 0.75 mm. This resolution was seen as suitably small for modelling purposes and achievable given the resources available to develop the model. The dimensions of the pregnant mouse were around 88 mm long (excluding the tail), 23 mm wide and 30 mm deep, with a mass of around 30 g. The male and female were of the same length and were 20 mm wide and 23 mm deep, with a mass of around 22 g. The foetus model was around 11 mm long, 6 mm wide and 7 mm deep, with a mass of around 0.5 g. The dam consisted of around finite difference 69 500 nodes, the female/male 56 000 and the foetus 670. 
Tissues properties
During the development process, 38 tissues were chosen to most aptly describe the anatomy of the dam, nine for the foetus (bone, brain, gland, heart, liver, lung, muscle, skin and stomach), together with amniotic fluid and placenta.
Tissue data for mouse dielectric values (conductivity and permittivity at 900 MHz) are limited and are required to be sourced from other animals. Peyman et al (2001) made measurements using rats of a range of ages (0-70 days) for skull, salivary glands, kidney, liver, muscle, skin and spleen. Their values for the new-born pup were used for the foetus in the current model, and values for the 70 day old rat were used for the dam. A comparison of the properties of a mouse brain (from Thurai et al (1984) ) and a rat brain was made in Peyman et al (2001) and shows good agreement. The values for gland and bone tissues were those in Peyman et al (2001) for salivary gland and skull, respectively.
Most of the remaining dielectric values for the dam originate from Gabriel (1996) , who used human tissue. In addition, the dielectric values for blood vessel and pancreas originate from tissue properties data specified by Brooks Air Force Base for their 'Visible Human' model (Mason et al 1999) . The properties for food in the digestive tracts are as per Dimbylow (1997) . Teeth were also specified in the model and they have been given the properties of bone. Dielectric values for amniotic fluid were set to those specified in Togashi et al (2008) . The properties for placenta were set to the values for blood.
For the foetus, three tissues (heart, stomach and lung) were not available from Peyman et al (2001) , so the Gabriel (1996) dielectric human tissue values were scaled up by 25% to reflect the increased water content of foetal tissues. This increase is in line with most of the other foetal tissues; the exception is the skull tissue where the dielectric values were significantly higher in the zero day old rat than the 70 day old rat. In general, the dielectric values for the 70 day old rat are comparable with those from Gabriel (1996) (around a 10% difference for muscle, although a higher 20% difference for skin). The influence of varying dielectric properties on SAR levels for adult rats is discussed in Gabriel (2005) (who used the data from Peyman et al (2001) and Gajšek et al (2001) ). Gabriel found that differing dielectric tissue values affected WBA SAR by less than 5%, with dielectric properties from 70 day old tissue obtaining the highest SAR results.
The thermal properties and density values are the result of an exhaustive search through the literature. Ninety journal articles were chosen. Values were selected only from sources that contained original measurements. The list is too large to document here and requires further discussion; a second paper addressing this is in preparation. However, we will make special comment about the influence of the higher water content of the foetus. From Uzman and Rumley (1958) , the water content of the brain of a new-born pup is 85% (compared with 77% for the adult rat brain) and the average value for a mouse foetus is also 85% according to Inch et al (1974) . For a given tissue with a water content of 85%, the correlations discussed in Duck (1990) suggest an estimate of the thermal conductivity to be 0.54 W m −1 • C −1 and the specific heat capacity to be 3800 J kg −1 • C −1 for such a tissue. These values are around 13% higher for the specific heat capacity and 17% higher for the thermal conductivity than the average of the respective values given for the dam. Using these figures, estimates have been derived for the specific heat capacity and thermal conductivity values of the foetal tissues.
Development of the RF exposure models
Two different (albeit similar) RF exposure conditions for the pregnant mice were simulated. Both of these considered fields propagating towards the torso of the dam. Both also considered fields incident from a variety of angles. This occurs by the nature of the IMVS exposure system design where the main circular cavity plates stand in the vertical plane, and hence the mice, which lie in the horizontal plane, are equidistant and evenly spaced around the central feed point.
Condition 1-simulation of the IMVS exposure system
A model was developed of 40 identical pregnant mice placed in the IMVS exposure system. The voxel model of the IMVS exposure system was provided by the developers at Motorola, FL, USA (see figure 2 for a diagram of the model). The model comprises two main circular metallic plates (960 mm in diameter), two central metallic cones (120 mm at their widest) separated by the feed point and 120 shorting posts (100 mm long and 63.5 mm in diameter) at the outer edges of the system that connect the two circular plates. The dams were placed equidistant from the centre of the system such that their nose to tail centreline was around 40 mm from the centreline of the outer shorting posts. The 900 MHz sinusoidal excitation source across the one cell gap that separates the cones has a generator impedance of 50 . A capacitance of 3.2 pF was applied to achieve maximum system efficiency (such tuning can be performed in the actual system). The resolution of each cubical mesh cell (including that of the mice) was 1.25 mm, the highest resolution possible given the computational resources available. The model of the exposure system space comprised 70 million cells. (A check was performed to investigate the effect of increasing the cell size from 0.75 to 1.25 mm. This check was made using two models at the different cell sizes, and the eight plane wave exposure conditions described in the following section. For each of the eight exposure conditions, the difference between the two models was less than 1.2% for the WBA SAR values and less than 1.7% for peak T.)
Condition 2-plane wave exposure
Eight separate models were developed, each considering a 900 MHz plane wave exposure at a different angle with the incident wave propagating towards the torso of a solitary dam, and the E-field directed along the longest dimension (nose to rear) of the dam. The eight separate propagation directions considered were equally spaced (0, 45, 90, . . . , 315
• ) around the dam. For example, one analysis considered a plane wave incident on the back of the dam and another considered exposure on the belly. The exposure was taken to have the arbitrarily chosen incident power flux density of 4.5 W m −2 , the public field exposure limit set in ICNIRP (1998). Each model comprised 1.1 million cells of length 0.75 mm, where the boundary is 20 cells away from the mouse in each direction.
Comparison of the two exposure types
The plane wave exposure assessments, with their simplicity and higher resolution, provide a guide and approximate check of results from the more complex model of the IMVS exposure system. The incident field within this is a free-space-like TEM plane wave (Balzano et al 2000) . To add some extra insight, the nature of the two exposures is compared in figure 3 . The study was performed using the same models as above but with cylinders as the exposed object, in place of mice, for ease of making the comparison. The properties and dimensions for the cylinders were taken as approximate average values from the mice (ε r = 41, σ = 0.78 S m −1 , ρ = 1150 kg m −3 , length = 85 mm and diameter = 20 mm). The incident power flux density for the plane wave was set at 4.5 W m −2 as per above, while the power input to the IMVS exposure system was set such that the WBA SAR in both were equivalent. A finite difference mesh cell size of 1.25 mm was used in both models for consistency. Comparison of the model results did show similar absorption characteristics. However, the presence of the shorting blocks in the IMVS exposure system does result in a modified field structure on the side of the object adjacent to the shorting blocks. This leads to a reduction in the E-field (and hence SAR levels) on that side (see the right-hand side of figure 3 where the values for the IMVS exposure system are lower).
Analysis and assessment of results
The analysis performed sought to compare the exposure and the resultant temperature changes in the foetuses with that of the dam. This enables the researchers who are setting up experimental analyses to determine the approximate level of RF dose for the foetuses. Comparison of SAR through the centreline of a homogeneous cylinder with the field incident on the front face (at 0 mm). In one case the cylinder was subject to a plane wave exposure, and in the other case the cylinder (chosen from 40 identical cylinders) was subject to exposure in the IMVS exposure system. The centreline through the cylinder is shown in the inset. The figure highlights how the presence of the shorting blocks in the IMVS exposure (on the side furthest from the incident field) leads to a reduction in the E-field (and hence SAR levels) on that side. The frequency of exposure in both cases was 900 MHz. The dielectric and density properties for the cylinders were ε r = 41, σ = 0.78 S m −1 and ρ = 1150 kg m −3 , and the dimensions were length = 85 mm and diameter = 20 mm. The incident power flux density for the plane wave was set at 4.5 W m −2 , while the power input to the IMVS exposure system was set such that the WBA SAR in both were equivalent.
Results for the simulated IMVS exposure system
A scenario was considered that produced a whole-body average SAR across all the mice (including each dam and their respective foetuses) of 4 W kg −1 . This level was the chosen level for the studies in Finnie et al (2006a Finnie et al ( , 2006b Finnie et al ( , 2009 , since, as stated in those papers, it is the internationally accepted maximum safe level of WBA SAR. To achieve 4 W kg −1 it was found that the available power into the system was required to be 6.1 W with the net input power 5.4 W. Thus, the efficiency of the system was found to be 88% (comparable to the estimate of 80% in Balzano et al (2000) ).
Given this setup, the results are presented in table 1. The effect of alternative exposure levels can be determined by scaling the results provided. The results indicate that the average SAR in the 40 × 8 foetuses is on average around 86% of that of the average SAR in the 40 dams. The peak T for the foetuses is on average around 45% of that of the peak T for the dam.
The tissues with the highest average SAR were in the dam, with the four highest determined to be grey matter (average 8.8 W kg −1 , averaged over all 40 dams), pancreas (6.8 W kg −1 ), white matter (6.4 W kg −1 ) and spinal nerves (6.4 W kg −1 ). The average SAR in the amniotic fluid was 4.5 W kg −1 , and in the foetus the tissue with the highest average SAR was in the heart (5.9 W kg −1 ). The average SAR in the foetal brain was 4.6 W kg −1 . From table 1, we see that even if the WBA SAR for the foetuses was 4 W kg −1 , the peak temperature in the foetuses would be around 0.7
• C. Studies, such as discussed in ICNIRP (1998) and Edwards et al (2003) (which specifically considers the effects of heat on foetuses), do not suggest that a peak temperature of less than 1 • C will cause tissue damage. The average T for all tissues combined was calculated to be around 0.4
• C.
Results for the plane wave exposure scenarios
The analyses indicate that the average SAR in the foetuses is, on average over all exposure conditions, around 83% that of the average SAR in the dam. This varies from around 69-92% over the range of exposure angles. The peak 1 g SAR for the foetuses is, on average, just 35% that of the dam. The peak T for the foetuses is, on average, around 45% that of dam. In each exposure scenario, the peak SAR for the dam occurs on the skin between the body and the tail, and the peak 1 g SAR and the peak T for the dam occurs in upper mid-torso. Figure 4 presents an example of the SAR and T levels in the case when the exposure is from the left-hand side of the mouse. Note that the SAR levels are artificially high in the lungs (around 1/3 of the way along from the left of the picture) due to the low tissue density.
At the reference level limit of 4.5 W m −2 , the peak T increase is consistently around 0.04
• C for all plane wave exposures considered. The whole-body averaged SAR values for the mice and the foetuses are more than double that allowed for human exposure (0.08 W kg −1 ). This is likely to be mainly due to near-resonance effects (resonance occurs around 1.4 GHz for the angles of incidence considered).
Position of the peak values for the dams in both exposure conditions
For the dams the peak unaveraged SAR values were generally located at the ends (nose and rear) of the dam, away from the foetuses. The 10 g peak SAR values occur in the head, the 1 g peak SAR occur in upper mid-torso and the peak T occur in the upper-torso or in the legs. 2) The white colour in A is for SAR levels lower than −12 dB, and in B for T lower than 70% of the peak T. The black colour in the interior of the mouse is for regions of air.
Influence of the water content of the foetus
An analysis was performed to consider the influence of the higher water content of the foetal tissues. This was done by comparing the above results (foetuses with increased water content) with those from new models where the tissue properties of the foetuses were assigned the same values as an adult mouse (lower water content). The eight plane wave exposure conditions were used due to the simpler construction and high mesh resolution of the models. To perform this study, further tissue properties were required for adult 'average brain' tissue to be assigned to the foetuses since the brain of each foetus is not differentiated between white and grey matter (as for the adult). The dielectric values were set to ε r = 44.3 and σ = 0.7 S m −1 as per the values in Peyman et al (2001) for the adult rat. Assuming a water content of 77% (Uzman and Rumley 1958) , the correlations discussed in Duck (1990) suggests an estimate of the thermal conductivity of the brain to be 0.49 W m −1 • C −1 and specific heat capacity to be 3600 J kg −1 • C −1 . The analysis found that the average SAR in the foetuses (with adult water content values), over all exposure conditions, was around 60% (compared with around 83% for increased water content) of that of the average SAR in the dam. The peak increase in temperature for the foetuses was on average around 45% (45%) of that of the dam.
A review and comparison of these results indicated that modifying the dielectric values, to make allowances for increased water content in the foetuses, leads to higher SAR values in the foetuses. However, the higher foetal thermal conductivity values lead to greater thermal diffusion and hence lower T due to the SAR. Thus, both scenarios (with and without allowance for tissue water content) result in comparable T values.
Conclusions
Finite difference models of mice-a female, a pregnant female, a male and a foetus-have been developed and used to support radiofrequency (RF) dosimetry studies. The detailed mouse models are freely available for research purposes.
The pregnant mouse model has been considered in this note to provide an examination of SAR levels and resultant thermal effects in the foetuses in comparison with that of the dam. For the exposure in the IMVS exposure system, on average, the WBA SAR in the foetuses was found to be around 86% of that of the dam. The peak temperature increase ( T) due to the SAR was around 45% of the value for the dam. For a range of plane wave exposures considered (propagating towards the torso of the dam with the mouse E-polarized), on average, the WBA SAR in the foetuses was found to be around 83% of that of the dam. The peak T was around 45% of the value for the dam.
The results in this note can be used to assist in the determination of power levels required to provide given exposure levels within the mouse foetuses for mice and foetuses of similar dimensions, and under similar conditions, to those considered here. An allowance for increased water content in tissues of the foetuses was found to be important, having a significant role in the calculation of SAR and temperature change.
